In this paper, we propose a new type of Autonomous Transfer Machine (ATM) by making use of pneumatic actuators such as pneumatic cylinders and bellows actuators. In the lifting part, the lifting arm which is constructed with a cylinder is rotated by antagonized bellows actuators. Moreover, the support part that a user leans on is supported by antagonized bellows actuators. Since the bellows actuator has a force sensing ability that acts both a force sensor and an actuator, external force that the user leans on the supporter can be estimated. In the standing-up motion, the support part is controlled by both the inclination of the support part and the force difference between holding force and supporting force. Therefore, the lifting trajectory of the supporter can be realized by the posture of the user. In this paper, we clear the effectiveness of the ATM with the standing-up motion from experimental results.
Introduction
In developed countries such as Japan, the demographic profiles of the population are undergoing drastic changes. The number of elderly people has been increasing rapidly, even as the share of younger people in the overall population has been declining. The resulting 'aging society' poses several long-term technological problems and challenges to researchers in robotics and rehabilitation engineering. As the average age of caretakers rises, it is expected that more elderly people have to care for other elderly people. Moreover, the number of caretakers will decline, even as the number of those needing care increases significantly.
The above scenario calls for the design and development of support machines, which could (a) assist the elderly and physically weak in taking care of others, and (b) also independently provide care of the weak or elderly. Therefore, two types of support machine have been pro-posed in literatures (1) - (6) . One is a power assist machine to support elderly caretakers and the other is an autonomous machine that enables the disabled persons to live by themselves.
In this paper, we investigate an autonomous transfer machine to support a person who can walk in a situation that the muscle force of lower extremities is inferior and has physical strength of arms. With respect to the transfer machine, we develop a new type of support machine that is driven by pneumatic actuators. This is because that a pneumatic drive system can realize compliant motion by its compressibility and generate easily the large forces that are required to handle humans. Furthermore, in order to develop the user-friendly support machine, pneumatic bellows actuators (7) that have flexibility because of air compressibility are utilized. Since the bellows actuator has no sliding parts, it can easily estimate external forces by measuring chamber pressure and displacement of the bellows. Therefore, the holding force which the user lean on the supporter is estimated by using the bellows actuators. Moreover, since the inclination angle of the supporter is measured by a rotational sensor, it is possible to estimate the posture of the user. As the results, the user's lifting trajectory is generated by both the supporter's posture and force difference between holding force of the user and lifting force of the supporter.
In section 2, biomechanical analysis of lifting motion is discussed. The mechanism of the proposed autonomous transfer machine (ATM) is described in section 3. In section 4, the control scheme of the transfer process is explained. Finally, in section 5, it is verified that the ATM can support the transfer motion through experimental results.
Biomechanical Analysis of Lifting Motion
(8), (9) In this chapter, we measure motion of organism in lifting action to clear a mechanism of the transfer motion. The lifting pattern is shown in Fig. 1 . That is to say, the holding parts of care person are waist part or armpit part. Furthermore, lifting trajectory is linear trajectory and curve trajectory.
In the experiments, subjects are two students (Subject A: Care person, Height is 175 cm and weight is 77.9 kg, Subject B: Cared person, Height is 172.5 cm and weight is 62.3 kg). The measurement points of each body part are shown in Fig. 2 . The each point of the body in the lifting motion is measured by making use of the Quick Mag Sys- tem. Further, the care person lifts the cared person on a force plate. Therefore, moment of the lifting motion can be measured by using the device.
The trajectory of the gravity point of each subject in armpit support case is shown in Fig. 3 . From these experimental results, the motion range of the cared person is cleared. That is to say, the distance in horizontal direction is about 600 mm and the distance in vertical direction is about 400 mm. Further, an experimental result of moment in the armpit support case is shown in Fig. 4 . It is clarified that maximum moment of linear line case is extremely bigger than the result of curve line case through this result.
Autonomous Transfer Machine
A schematic view of the proposed autonomous transfer machine is shown in Fig. 5 . An overview of the machine is shown in Fig. 6 . The ATM consists of three mechanical parts, namely an air compressor, a mobile part, and a lifting part (as shown in Fig. 7 ). The air compressor consists of two elements that are an electrical compressor and a bellows compressor. By making use of the electrical compressor, high pressure air is charged into main tanks. On the other hand, exhausted air from each actuator is compressed again by the bellows compressor. Thus, the ATM has a circulating system for exhausted air.
In the mobile part, the DC motor is used to drive the ATM around. The disabled person controls the moving direction of the ATM by using a control box which is shown in Fig. 8 .
The lifting part is composed of a rotational drive and a linear drive as shown in Fig. 9 . In the linear drive part, a pneumatic low-friction cylinder (A) and an antagonized bellows actuator (B) which is shown in Fig. 10 are used. The antagonized bellows actuator is attached to the end of the cylinder rod. Moreover, a supporter is connected to the output bar of the antagonized bellows actuator. Here, the connection type between the tip of the cylinder rod and the antagonized bellows actuator is free joint style. Therefore, it is possible to incline the supporter freely. Further, we can change shape of the supporter according to the user's body condition. With respect to the supporter, it is possible to attach a safety belt to the supporter in order to prevent slip down from the supporter. Furthermore, a supporter that supports an armpit of the user can be attached to the support part.
In the rotational drive part, the pneumatic cylinder is rotated by one pair of bellows actuators ((C) in Fig. 9 ) that is shown in Fig. 11 . It is possible to estimate external forces acting on the supporter by using the force sensing ability of the bellows actuator (7) . However, it is difficult for the actuators to estimate high-frequency external forces as the actuator is large. Therefore, we use the antagonized bellows actuator in the supporter to estimate high-frequency external forces. Further, it is possible to limit high-frequency vibration by using the antagonized bellows. That is to say, the actuator realizes an active control motion.
The specification of each actuator that is used in the The transfer process using the lifting mechanism consists of three modes as shown in Fig. 12 . The first mode With respect to the ATM, flow proportional type electric servo valves are utilized to control each actuator. The pressure in each chamber is measured by a pressure transducer. We measure displacement of each actuator by using potentiometers (drive length of the cylinder in the linear drive mechanism and the antagonized bellows in the supporter). Furthermore, rotational angles of the linear drive mechanism and the supporter are also measured using potentiometers.
Motion Algorithm for Lifting Mechanism
In this chapter, the control scheme for initialization mode and transfer modes is discussed.
1 Control scheme of initialization mode
In the initialization mode, the disabled person can set the supporter's position at his or her desired position. Since the connection between the supporter and the tip of the cylinder rod is passive, the direction of the supporter can easily be changed by hand. Therefore, when the supporter is pulled to the desired position by manual operation (the force f s ) which is shown in Fig. 9 , the drive length R B1 of the antagonized bellows actuator whose output bar is connected to the supporter is expressed as follows.
where K s is the bellows spring constant (K s = 5.28 N/mm). In practice, it is reported that force control signals have high-frequency noise. Therefore, we apply position control to ensure safety for the disabled person.
The desired position of the tip of the cylinder rod is described as follows.
where, in order to move the supporter with small force to the desired position, we apply amplifier gain K m . The desired cylinder stroke R d and the rotational angle of the linear drive mechanical part θ d are described by the following equations.
The position of each actuator is controlled using the hierarchical control scheme (10) . The control scheme of each mechanism part is described as follows.
1. 1 Control of rotational mechanism part
In the rotational part, each bellows actuator is controlled by a flow proportional valve. The input voltage to each valve is derived from two stages. In the first stage, desired pressure in each chamber is obtained as follows.
where P 0 is balance pressure. The second term means feedback pressure pattern to compensate the spring force of bellows actuator, which is obtained as
(β 1 = 0.015[MPa/deg], β 2 = 0.04) where, θ 1 is rotational angle of the cylinder part.
The third term indicates gravity compensation pressure of cylinder, which is obtained as follows. The fourth term on the right hand side is given by a PID feedback loop as follows.
Gain) In the second stage, PID feedback control with the desired pressure P bri (i = R, L) is utilized as follows.
(K bPR , K bIR , K bDR : Gain) where v 0 is neutral voltage of valve.
1. 2 Control of linear mechanism part
In this control scheme, feedback loops are composed of two stages as be shown in the rotational mechanism. In the first stage, the desired pressure P c j ( j =1,2) is obtained as follows.
where, A j ( j = 1,2) is an effective cross sectional area of the cylinder and P c0 is a balance pressure. The second term in right hand is given by a PID feedback loop as follows.
(K cP , K cI , K cD : Gain, R 1 : Displacement of cylinder) The input voltage to the valve is obtained as follows.
2 Control scheme of lifting assist mode
After setting the supporter to desired position, the disabled person can start the transfer assist mode by pushing the button [A] as shown in Fig. 8 . When the disabled person stands up from a chair in the lifting assist mode, he or she holds the supporter by arms. At this time, since the motion of the supporter is passive, it is afraid that he or she is slipped off from the supporter by rotation of the supporter. In order to prevent sliding from the supporter, the supporter part is stabilized as the inverted pendulum. Thus, when the supporter (P c P s ) inclines at angle θ as shown in Fig. 13 , the desired tip position of the cylinder rod is obtained as 
where R 2 is the distance between the top of the supporter P s and the tip of the cylinder rod P c . The linear drive mechanical part is rotated by two bellows actuators as shown in Figs. 9 and 11. Therefore, it is possible to control the support torque for the disabled person by making use of the sensing ability of the bellows actuators in the rotational mechanism part. However, since the motion of the bellows actuators in the supporter part to the cylinder rod is passive, it is difficult to control the support torque adequately by using the bellows actuators in the rotational mechanism part. Therefore, we consider that it is useful for the disabled person to control the support torque of the supporter part by using the antagonized bellows actuators which are connected to the tip of the cylinder rod. In order to realize a flexible motion for the disabled person in standing up motion, we control the chamber pressure of the antagonized bellows actuators in the supporter part. That is to say, a support force f d which is expressed in Eq. (18) is generated to the antagonized bellows actuators in the supporter part by controlling the chamber pressure of the bellows.
Effective cross sectional area of the antagonized bellows actuator) where dP I is the determined difference pressure between two chambers of the antagonized bellows actuator. The dx and dy are displacement from the initial position of the tip of the cylinder rod as shown in Fig. 13 . Therefore, dx and dy are derived as follows. When the coordinate value of the tip of the cylinder rod in the direction of x axis decreases, the relation dx < 0 is formed. On the other hand, when the coordinate value in the direction of y axis increases, dy > 0 is formed. Further, the coefficients K x and K y are set up in order to decrease the support force f d as the disabled person stands up from the chair. Furthermore, when the disabled person stood up by using the machine, we need to make the maximum value of the support force f d nearly equal to the gravity force of the disabled person. Therefore, we investigate the method to determine each parameter value by both of holding force F of the disabled person to the supporter and the tip position (x 0 ,y 0 ) of the cylinder rod in the initialization mode.
When the leaning force which the disabled person applies on the supporter is F, the displacement R B1 of the bellows actuator in the supporter is expressed by
Therefore, in order to lift the disabled person to the upper side (in the direction of Y axis (Fig. 13) ), the desired position of the tip of the cylinder rod is derived as follows.
where, x and y are described in Eqs. (16) and (17). Therefore, the desired cylinder stroke and the desired rotational angle of the linear drive mechanism part are given by Eqs. (4) and (5) respectively. Furthermore, the control scheme of each mechanical part is expressed by Eqs. (6) -(15) . Thus, the tip position of the cylinder rod P c is controlled by hierarchical control scheme.
Results and Discussions
At first, we discuss the experimental results of initialization. The trajectory of the tip of support part in the X -Y plane is shown in Fig. 14 . From this result, it is confirmed that we can move the support part to the desired position by making use of the manual setting mode.
Next, we present about the experimental results of transfer mode. In the experiments, the number of subjects are four students (Average age: 20 years old, Av- Fig. 15 and the response of the rotational mechanism is shown in Fig. 16 . From these results, it is confirmed that the trajectory of the pneumatic cylinder is almost identical to the desired trajectory. However, with respect to the experimental result of the rotational part, there is an error between the desired trajectory and the actual trajectory. We presume that the difference is caused by the influence of change of the inertial moment of the pneumatic cylinder. Further, it is cleared that the total time of transfer motion is about 10 s. This transfer time depends on postural change speed of the subject.
An example of the experimental result on the trajectory of the support part of the lifting mechanical part in the X -Y plane is shown in Fig. 17 . Here, the Start point denotes the sitting position for the disabled person and the End point means the final standing position. It is clear that the student stands up after having let his or her body bend forward. Moreover, it is confirmed that the lifting mechanical part can move flexibly as the disabled person changes his or her posture. Further, the trajectory is nearly shaped like the letter C (11) . It is reported that the most comfortable movement posture is C shaped. Therefore, it is confirmed that the proposed lifting mechanism part is useful for students and mimics familiar human motion pattern.
In the next work, possibility with respect to an unstable motion of the transfer machine will be discussed. Moreover, we will investigate the effectiveness of the transfer machine for elderly people in future works.
Conclusion
In this paper, we have proposed a new type of transfer system by making use of pneumatic actuators. A prototype lifting mechanism using bellows actuators was developed to realize a human friendly transfer machine that has a low cost. It has two mechanical parts that are linear drive part and rotational drive part. The effectiveness of the lifting mechanism was confirmed through some experimental results.
